Cells under cyclic stretch sense their environments and induce responses such as actin stress fiber (SF) reorientation and morphological changes. These physiological responses are thought to occur when cells sense incompatibility between SF orientation and stretching direction. This hypothesis requires existence of SFs. However, such existence of SFs in cells under cyclic stretch remains unclear since few studies attempted to track the existence of SFs throughout cyclic stretch. In order to track the existence of SFs throughout cyclic stretch, high time resolution time-lapse imaging was improved in two points. First, SFs were clearly imaged with coexpression of DsRed-zyxin and GFP-actin. Second, time resolution was improved so that fluorescence images were obtained every 28 sec. With the improved high time resolution time-lapse imaging, it was revealed, for the first time, that SFs could exist continuously throughout cyclic stretch. Moreover, physiological responses including morphological change as well as SF reorientation occurred during the time when SFs formed incompatibility between SF orientation and stretching direction. These results demonstrated that SFs continuously existed in cells under cyclic stretch and in turn suggested that continuous presence of incompatibility between orientation of long-lasting SFs and the stretching direction might be important for mechanosensing which induces physiological responses.
Introduction
Cells under cyclic stretch sense their circumstances and finally induce physiological responses including reorientation of actin stress fibers (SFs) and morphological changes (1) (2) (3) (4) (5) (6) (7) (8) (9) .
One explanation of these phenomena is that cells sense their circumstances by detecting incompatibility between SF orientation and the stretching direction. This incompatibility is at the maximum when SF orientation is parallel with the stretching direction. In such a situation, physical equilibrium is disturbed because SFs are strongly loaded with large forces by expanding substrate via focal adhesion. On the other hand, when SF orientation is perpendicular to the stretching direction, cells are less sensitive to cyclic stretch because physical equilibrium is less disturbed. Such a disturbance of physical equilibrium could induce mechanosensing that finally induces variable physiological responses. This explanation is widely supported by several experimental studies (2, 4, 7, 10) and is also successfully predicted by biophysical models (11) (12) (13) (14) . Although this explanation is possible, detailed mechanisms remain uncertain. This explanation for mechanosensing in cyclic stretch requires existence of SFs in cells. Furthermore, SFs should be oriented parallel to rather than perpendicular to the stretching direction if they participate in mechanosensing. Whether such SFs exist in cells under cyclic stretch and whether such SFs have function in mechanosensing are still obscure. One previous study observed that SFs which were parallel with the stretching direction disassembled within 10-20 min and new SFs reassembled in oblique orientation relative to the stretching direction after further 10 min in A10 cells and A6 cells (3) . In that previous study, cellular morphology was found to continuously change for 90 min and finally become oriented obliquely to the stretching direction. Thus, SFs did not continuously exist; however, reorientation of SFs and morphological change were accomplished. In other previous studies, existence of SFs under cyclic stretch was not tracked. Thus, it is possible that SFs which oriented nearly parallel to the stretching direction existed only in the first several seconds. It is also possible that such SFs existed throughout cyclic stretch without disassembling. From point of view to understand whether existence of SFs induce mechanosensing in cells under cyclic stretch, SFs should be tracked throughout cyclic stretch as performed in one previous study (3) . However, few studies have examined this issue and cell types which have been examined are limited. For example, endothelial cells, which are the most frequently used cell type in this field, are excluded. Tracking existence of SFs under cyclic stretch requires high spatio-temporal resolution fluorescence imaging system. If such resolution is not enough for tracking the existence of SFs, it can be missed to be imaged. High time resolution time-lapse imaging in a previous study (3) achieved time resolution in 2 min and obtained fluorescence images were monochromatic. In this study, we attempted to further improve the system to obtain clearer images of SFs to understand existence of SFs and their orientation under cyclic stretch. First, the coexpression of DsRed-zyxin along with GFP-actin produced a clearer image of SFs in endothelial cells. Second, fluorescence images of SFs indicated by colocalization of DsRed-zyxin and GFP-actin were obtained every 28 sec. With this improved high time resolution time-lapse imaging, we found that some preexisting SFs continuously rotated without disassembling to become finally oriented to the direction perpendicular to the stretching direction. The presence of continuously rotating SFs in cells under cyclic stretch suggested the possible involvement of these SFs in continuous mechanosensing.
Materials and methods

Cell culture and transfection
Human umbilical vein endothelial cells (HUVECs) were purchased (Wako, Japan) and cultured in EBM-2 medium (Wako) supplemented with 2% FBS. Cells were maintained in a culture incubator at 37°C in a humidified atmosphere of 5% CO 2 and were subcultured every 3-5 days. Cells in passages 3-8 were seeded onto rectangular silicone chambers (20 
Cyclic stretch
Cells seeded on silicone chambers were cyclically stretched with an originally constructed stretching device. Silicone chambers were placed in a culture medium pool and were mounted to two stepping motors via chamber holders (Fig. 1A) . These motors were controlled to move synchronically so that the silicone chambers were stretched cyclically with a magnitude of 22% and a frequency of 0.43 Hz. Strains of silicone nearby cells were measured to be 18% in the stretch direction and -4% in the direction vertical to the stretch direction. Cyclic stretching was stopped for 5 sec within 28 sec for image acquisition (Fig.  1B) . The culture medium pool was maintained at 34°C by a heat controller in a base plate and kept humidified in order to avoid evaporation of the medium during the experiments.
Time-lapse imaging and image analysis
Time-lapse cell imaging was performed using an upright microscope (BX51, Olympus, Japan) equipped with a water immersion objective lens (60×, NA 1.2, Olympus) (Fig. 1C) . GFP-actin and DsRed-zyxin in HUVEC were excited alternately, and then the emitted lights were recorded with a 3CCD camera (Hamamatsu Photonics, Japan) every 28 sec. The dichroic mirror and emission filter used in this study were those suitable for GFP/DsRed imaging (DA/FI/TX, Semrock, USA). The obtained images were captured with the AquaCosmos image analysis software package (Hamamatsu Photonics). The obtained images were 160μm×120μm. SFs were abstracted from obtained fluorescence images on the basis of the colocalization of GFP-actin and DsRed-zyxin. SFs were traced and their orientations were quantified every 5 min with ImageJ (NIH). In some image analysis, the positions of focal adhesions (FAs) were also quantified by localizing DsRed-zyxin at the edges of SFs. The localized dots of DsRed-zyxin were ascertained to be independent of DsRed-zyxin fluorescence that was distributed along SFs.
Quantification of cellular protrusion and retraction
An image sequence of cells expressing GFP-actin at time intervals of 20 min was thresholded to produce a black-and-white image of the cell. To visualize the protruding region of the cell between two succeeding images, the preceding image was subtracted from the following image and the opposite operation was performed for the retracting region. This subtraction was performed after conforming centroids of cells in two images. Areas of protrusion and retraction were measured and then divided by the total area of the cell at each time to normalize the effect of cell size. Differences between areas during first 20 min and those during other 20 min were calculated by Student's t-test. Statistical significance is shown with the symbol "*" when p<0.05. Otherwise, the symbol "NS" is shown for non-significant cases as needed.
Results
Long-lasting stress fibers and short-lasting stress fibers exist in cyclic stretched HUVEC
To investigate the existence of SFs and their orientation under cyclically stretched HUVEC, SFs were visualized with co-expressing GFP-actin and DsRed-zyxin in HUVEC. GFP-actin located both on SFs and cellular cytosol (15, 16) . Likewise, DsRed-zyxin located both on SFs and FAs (17, 18) . Because co-localization of GFP-actin and DsRed-zyxin distributed only on SFs, SFs were visualized clearly with co-expressing GFP-actin and DsRed-zyxin. HUVEC containing both GFP-actin and DsRed-zyxin were cyclically stretched with originally constructed stretching device (Fig. 1A) . Fluorescence images of SFs were obtained every 28 sec by interrupting the cyclic stretch for 5 sec (Fig. 1B) . This high time resolution also contributed to a clearer visualization because consecutive stack of fluorescence images reduced noises by averaging in time axis. In this study, visualizing SFs with GFP-actin and DsRed-zyxin colocalization and with high time resolution achieved clearer visualization. With clearly visualized SFs, arbitrarily chosen SFs before stretching were traced every 5 min and their orientations were measured ( Fig. 2A, Movie S1 ). The time course of orientation of SFs revealed that SFs existed at various existence times with various reorientation dynamics (Fig. 2B ). When these SFs were classified by their existence time, it became apparent that nearly half of them (21 of 51) existed for no more than 20 min, whereas the other half (18) existed until the end of the experiment (Fig. 2C) . This result showed that SFs under cyclic stretch in HUVEC can be classified into two types according to their existence time: short-lasting and long-lasting SFs. The former existed for no more than 20 min (Fig. 2E) , whereas the latter existed throughout the experiment (Fig. 2F) . In all 7 cells observed, long-lasting SFs existed; 4 of those 7 cells contained both long-lasting and short-lasting SFs. In along with short-lasting SFs, SFs also newly assembled during stretch as observed in previous studies (3) .
The reorientation dynamics of SFs correlated strongly with the existence time of SFs (Fig. 2D) . Short-lasting SFs did not alter their orientation until they had disappeared, whereas long-lasting SFs altered their orientation during their existence time. The final orientations of long-lasting SFs were 71±2° (mean ± SEM, n=18, Fig. 2D ). These orientations were slightly larger than expected orientation, around 66°, in which stress fibers experience minimum strain (1) . In short-lasting SFs, the initial orientation was relatively small and final orientation was also relatively small. In contrast, in long-lasting SFs, the initial orientation varied, but the final orientation was relatively large. This means that SFs with relatively small initial orientations either disappeared quickly as short-lasting SFs or increased their orientation throughout their existence time as long-lasting SFs. Furthermore, SFs with relatively large initial orientations--which mean that those SFs were perpendicular to the stretching direction from the initial state--slightly increased their orientation throughout their existence time also as long-lasting SFs. One of the findings, that short-lasting SFs disassembled within 20 min without altering their orientation, was also observed in previous studies as an SF dynamic observed in cells under cyclic stretch (3) .
However, the present results are the first, to our knowledge, to show that long-lasting SFs existed whether their orientations were increased significantly or slightly without disassembling throughout cyclic stretch to adjust their final orientation to the direction perpendicular to the stretching direction. The continuous existence of long-lasting SFs supports a recent study (19) that found preexisting FA sliding.
Long-lasting SFs rotate with several reorientation dynamics
Further detailed analysis with higher time resolution revealed two typical reorientation dynamics in long-lasting SFs. The first was splitting and merging between two parallel SFs that were observed in three pairs of SFs, each pair in a different cell (Fig. 3A, Movie S2 ). In this dynamics (Fig. 3B) , one SF branched and connected to the other SF to form a Y-shaped After that, one side of the structure dissected and disassembled from the original two SFs relative to the stretching direction (Fig. 3C) . The new connections were SF to form a straight new SF, which is oriented at a much higher angle than those of the generated at a direction much more perpendicular relative to the stretching direction. Other two examples are shown in Fig. 3D -F and in Fig. 3G-I . The times spent for this remodeling were around 10-20 minutes. In previous studies, the splitting dynamics alone was observed when SFs were stretched beyond a certain amount (20) , or when tension in SFs was rapidly removed (21) .
The merging dynamics was also observed independently in several live-cell microscopy analyses (16, 22, 23) , and possible molecular mechanismsunderlying it have been proposed (16, 24) .
On the other hand, however, sequential splitting and merging of SF was observed for the first time, to our knowledge. The second typical reorientation dynamics observed in long-lasting SFs was rotation around FAs at one end, which was observed in 6 SFs in a single cell (Fig. 4A, Movie S3) . The FAs around which SFs rotated were always located at the interior sides of the SFs. Careful observation revealed that 4 of 6 FAs moved 1.9 to 2.6 μm (Fig. 4B) . Though FA sliding in itself was observed in a previous study (19) , the high time resolution simultaneous time-lapse imaging of SFs and FAs in the present study revealed for the first time a correlation between rotating long-lasting SFs and sliding FAs. Those two typical reorientation dynamics were clearly observed in fractions of all long-lasting SFs. It is true that remaining long-lasting SFs change their orientation continuously and rotate; however, the reorientation dynamics of those long-lasting SFs remains obscure. One possibility is that either of the two typical reorientation dynamics is involved in the rotation of all of the remaining long-lasting SFs if they are not clearly observed. The other possibility is that some of the remaining long-lasting SFs rotate by a mechanism independent of both of the typical reorientation dynamics.
Morphological changes in cells and their relationship with long-lasting SFs
The reorientation dynamics of long-lasting SFs might themselves be a result of mechanosensing induced by the incompatibility between SF orientation and the stretching direction. As another example of a physiological response that would be induced by the incompatibility between SF orientation and the stretching direction, the time course of morphological changes in cells was investigated. Morphological change is also a phenomenon that is often observed in cells under cyclic stretch (2, 3, (5) (6) (7) (8) (9) . The time course of morphological change in HUVEC under cyclic stretch was analyzed by quantifying cellular morphology every 20 min (Fig. 5B, D) . Protruding regions exhibited their maximum at the first 20 min and gradually declined until 60 min, after which they remained at a plateau (Fig. 5A) , while the retracting regions did not show any remarkable trend (Fig. 5C ). These results indicated that morphological protrusion was very active in the first 40 min, whereas morphological retraction was in a state of constant activity throughout the experiment. This morphological analysis in HUVEC under cyclic stretch revealed that morphological protrusions are strongly correlated with the dynamics of long-lasting SFs in which they rotated rapidly in the first 20 min and gradually slowed down from then until 60 min. Thus, the existence of SFs as long-lasting SFs might have a role also in the morphological change in HUVEC under cyclic stretch.
Discussion
In the current study, we attempted to capture SF reorientation dynamics with clearer images and at higher time resolutions. First, coexpressing DsRed-zyxin along with GFP-actin provided clearer imaging of SFs in endothelial cells. Second, fluorescence images of SFs were obtained every 28 sec. High time resolution time-lapse imaging revealed, for the first time, both the continuous existence of long-lasting SFs in cells under cyclic stretch and their reorientation dynamics, in which they finally aligned to the direction perpendicular to the stretching direction by continuous rotation without disassembling. The reorientation of long-lasting SFs was represented by several dynamics. The first was the splitting and merging that occurred between two parallel SFs, and the second was the rotation of SFs around FAs at one end. Cellular morphological changes were also observed throughout the experiment. Together these results demonstrated that long-lasting SFs continuously existed during physiological responses such as reorientation of long-lasting SFs and cellular morphological changes. The results also suggested that long-lasting rather than short-lasting SFs are important in mechanosensing, which finally induces physiological responses, since their existence and orientation enable cells to sense incompatibility between SF orientation and the stretching direction (Fig. 4E) . It is unclear whether or not long-lasting SFs were subjected to tension during stretch in this study. If they were not, they would have been unable to participate in mechanosensing. However, there are three reasons why we think long-lasting SFs were continuously subjected to tension. First, the maintenance of SFs requires tension. In fact, SFs rapidly disassemble if their tension is released (21) . Thus, the existence of SFs for more than 20 min indicates that these SFs are subjected to tension. Second, rapid viscoelastic retraction of SFs, which is a characteristic phenomenon when SFs are severed (18, 25) , was not observed. Instead, even in splitting and merging dynamics, splitting and merging sequentially occurred between parallel SFs, and these SFs were always connected to each other by an actin bundle. Third, even when an actin bundle is not detected between preexisting SFs, which is possible in the remaining long-lasting SFs that are not classified into either of the two typical reorientation dynamics, the creation of a new SF requires attractive forces between preexisting SFs; thus, continuous mechanical coupling is needed. One candidate of this mechanical coupling is the surrounding actin network (26) (27) (28) (29) . For these reasons, long-lasting SFs were considered to be subjected to tension in cells under cyclic stretch. Together, these results indicate that long-lasting SFs contribute more than short-lasting SFs to cellular mechanosensing, which finally induces physiological responses such as SF reorientation and morphological changes in HUVEC under cyclic stretch.
